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Adult T-cell leukemia (ATL) cells contain integrated human T-cell leukemia virus type 1 (HTLV-1) provi-
ruses. Although the exact sequence of events leading to the development of ATL remains incompletely resolved,
expression of the integrated HTLV-1 long terminal repeat (LTR) is likely required at some point during the
process of T-cell transformation. While much has been learned about the regulated expression of transiently
transfected LTR reporter plasmids, an analysis of factors required for expression of chromosomally integrated
HTLV-1 LTR has not been done. Here, we have constructed CHOK1 and HeLa cells that contain an integrated
HTLV-1 LTR-luciferase gene. Using these cells, we have compared the requirements for activation of tran-
siently transfected versus stably integrated HTLV-1 LTR. We observed different requirements for CREB, p300,
and P/CAF in the expression of transiently transfected versus stably integrated HTLV-1 LTR. Furthermore,
with dominant-negative mutants of CREB, p300, and P/CAF, we found that activation of integrated HTLV-1
LTR by an ambient stress signal, UV-C, proceeds through a path mechanistically distinct from that used by
viral oncoprotein, Tax. Our findings point to additional complexities in the regulated expression of HTLV-1

proviruses compared with those hitherto revealed through transfection studies.

Human T-cell leukemia virus type 1 (HTLV-1) is the caus-
ative agent of adult T-cell leukemia (ATL) (21, 22, 40, 47). The
virus infects T cells and, after reverse transcription of its ge-
nome, integrates into cellular chromosomes. All HTLV-in-
fected individuals are thus life-long virus carriers. Statistically,
the cumulative risk of developing ATL is estimated to be 1 to
4% per 20 years after infection (52). This pattern of disease
progression suggests that while viral infection might be the
initiating trigger, additional intracellular events occurring over
an extended duration contribute ultimately to ATL develop-
ment (4, 10, 12, 15, 16, 26, 28, 29, 34, 37, 45, 46, 49). Presum-
ably, at some point after virus infection of the cell, expression
from the integrated provirus is required to initiate the trans-
formation process.

Because integration into the host chromosome is an obliga-
tory step in the HTLV-1 life cycle, understanding how the viral
long terminal repeat (LTR) is regulated when formatted in a
chromatin-associated context is important for elucidating the
biology of the provirus. Unlike transiently transfected plas-
mids, the provirus is a surrogate cellular transcriptional unit. It,
like eukaryotic cellular DNA, is wrapped with histone (H2A,
H2B, H3, and H4) and nonhistone proteins to form nucleo-
somes (13), which compose the basic units of chromatin. In-
deed, it has been shown for human immunodeficiency virus
type 1 (HIV-1) that an integrated provirus by virtue of being
assembled into functional chromatin (14) differs physically
from a transfected viral plasmid. Chromatin-remodeling his-
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tone acetyltransferases (HATs) p300 and P/CAF have been
found to be critical for the expression of HIV-1 provirus (7, 22,
33). Hence, an emerging notion suggests that expression of
integrated human retroviruses requires cellular factors differ-
ent from those used for transiently transfected plasmids.

The virally encoded 40-kDa Tax protein is a key activator of
the HTLV-1 LTR (17). Tax is a transcription factor that po-
tently activates HTLV-1 expression through three copies of
21-bp cyclic AMP-response elements (CREs) (9, 18, 24, 25)
found in the LTR. In model cell culture systems, expression of
Tax is sufficient for transforming human and rodent cells (19,
42-45, 52, 53). However, it is noteworthy that many in vivo
ATL cells do not synthesize detectable Tax protein (39).
Hence, in ATL cells, some degree of physiological expression
from the provirus likely occurs through a Tax-independent
pathway or pathways. However, this does not exclude that
when fully transformed, ATL cells may not need to express
HTLYV at all and that Tax may function primarily to initiate
transformation without being required to maintain transforma-
tion.

Studies with transiently transfected reporter plasmids have
persuasively shown that three cellular transcription factors,
CRE binding protein (CREB), p300/CREB-binding protein
(CBP), and p300/CBP-associated factor (P/CAF), play crucial
roles in HTLV-1 LTR-directed expression (1, 5, 8, 10, 27, 30,
32,54, 57). Moreover, the HTLV-1 Tax protein has been found
to bind each of these factors independently (20, 27, 47). De-
spite these insights, no study has addressed whether these
findings from transiently transfected L'TR plasmids also apply
to stably integrated HTLV-1 LTR. Here, for both human
(HeLa) and rodent (CHOKT1) cells, we report that the expres-
sion of stably integrated and transiently transfected HTLV-1
LTRs has different requirements for CREB, p300, and P/CAF.
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We also show that activation of stably integrated HTLV-1 LTR
by an environmental stress signal (i.e., UV-C) proceeds in a
manner mechanistically distinct from that used by Tax for
activation.

MATERIALS AND METHODS

Cell lines. CHOKI1 and HeLa cells were propagated at 37°C with 5% CO, in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine se-
rum, 100 U of penicillin per ml, 100 pg of streptomycin per ml, and L-glutamine.
Stable transfectants were maintained in the medium described above plus 500 pg
of G418 per ml (Geneticin; Invitrogen, Carlsbad, Calif.).

Plasmids. pHpX (36), pRSV-neo (41), and the HTLV-1 LTR-luciferase
(LTR-luc) plasmid pHTLV-luc (31) were described previously. pHOOK-1 was
obtained from Invitrogen (Carlsbad, Calif.), and pCMV-BGAL was obtained
from Clontech (Palo Alto, Calif.). pCI-P/CAF deletion mutants were produced
by digestion with the appropriate restriction enzymes followed by in-frame liga-
tion. Other plasmids were kind gifts from R. H. Goodman (pRSV-CREB and
pRSV-KCREB) (55) and Y. Nakatani (Flag-tagged plasmids pCI-p300, pCI-
p300AHAT, pCI-P/CAF, and pCI-P/CAF AHAT).

Construction of stable cell lines. CHOK1 and HeLa cells were cotransfected
with 10 pg of pHTLV-luc plasmid and 1 wg of pRSV-neo plasmid by using
Lipofectamine (Invitrogen). Two days after transfection, cells were replated into
medium containing 500 pg of G418 per ml. After 14 days of G418 selection,
colonies were isolated with cloning cylinders. Independent colonies were con-
firmed for integrated HTLV-1 LTR-luc by luciferase assay and Southern hybrid-
ization.

Transient transfection and luciferase assay. For assay of transiently trans-
fected LTR, cells were transfected with Lipofectamine with Plus reagent (In-
vitrogen). For assay of stably integrated LTR, we used two pools of cells con-
sisting of equal numbers of cells from three independently selected cell clones. A
typical transfection included 0.2, 1, or 3 pg of pRSV-CREB, pCI-p300, or
pCI-P/CAF with 0.1 ng of pCMV-BGAL and 3 pg of pHOOK. Cells were
harvested 48 h after transfection. Successfully transfected HTLV-1 LTR-luc cells
were selected with pHOOK according to the manufacturer’s protocol. Briefly,
cells were harvested and incubated with Capture-Tec beads (Invitrogen) at 37°C
for 30 min. After incubation, cells were washed and selected for HOOK-positive
cells by using a Capture-Tec magnetic stand (Invitrogen, Carlsbad, Calif.). Lu-
ciferase activity was measured with an Optocomp II luminometer (MGM Instru-
ments, Hamden, Conn.). Normalization was based on B-galactosidase activity
measured with Galacto-Star (Tropix, Bedford, Mass.). All luciferase values rep-
resent averages *+ standard deviations from at least three independent transfec-
tions. Statistically signficant values were assessed with the 7 test.

Southern hybridization. Genomic DNA was extracted from cells and re-
stricted with EcoRI. Ten micrograms of digested DNA was electrophoresed and
blotted onto nylon membrane. Hybridization was performed with a radiolabeled
probe, which consisted of the luciferase open reading frame (Ncol-Xbal frag-
ment) excised from pGL3-Basic vector (Promega, Madison, Wis.).

Western blotting. Whole-cell extracts were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Proteins were transferred to
polyvinylidene difluoride membrane by semidry electroblotting (Millipore, Bed-
ford, Mass.) at 1.2 mA/cm? for 1 h. Membranes were incubated for 1 h with
primary antibody, washed, and incubated for another hour with the appropriate
alkaline phosphatase-conjugated secondary antibody (Tropix). Proteins were
visualized by chemiluminescence (Tropix) according to the manufacturer’s pro-
tocol.

UV-C irradiation. For UV-C irradiation, cells after removal of culture medium
were exposed in situ directly to UV (100 J/m2 at a wavelength of 254 nm) by
using UV-Stratalinker (Stratagene, La Jolla, Calif.). Culture medium was imme-
diately replaced after irradiation.

RESULTS

Construction of human and hamster cells that contain in-
tegrated HTLV-1 LTR-luc. Previous studies on the activation
of the HTLV-1 LTR have relied largely on transient transfec-
tion of LTR plasmids into cells. Transiently introduced LTR
plasmid has a conformation different from integrated provi-
ruses in infected or transformed cells. Because we wished to
understand how integrated viral LTRs might be transcription-
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ally regulated, we constructed human and hamster cells that
contain stably integrated HTLV-1 LTR-luc reporter.

We obtained several clonal CHOK1 and HeLa integrants
after cotransfection of CHOKI1 and HeLa cells with pHTLV-
luc plus pRSV-neo followed by selection with G418. G418-
resistant clones were first screened for integrated pHTLV-luc
by luciferase assay (not shown); the cells were then character-
ized by Southern hybridization (Fig. 1A). Based on Southern
blottings, we selected three independent HeLa and CHOK1
clones that have integrated between two and four copies of
pHTLV-luc (Fig. 1A). In order to minimize biases stemming
from particular cellular integration sites, all subsequent assays
were conducted with cell pools that contained equal numbers
of cells from either the three HeLa integrants or the three
CHOKI integrants. Individual cell clones were propagated
separately in order to maintain long-term homogeneity. Cells
were pooled in equal numbers immediately prior to use in
transfections. For ease of terminology, throughout the paper,
pooled HeLa clones will be referred to as “HeLa-luc cells,”
and pooled CHOKI clones will be termed “CHOKI-luc cells.”

Next, we compared luciferase activity in HeLa-luc or
CHOKI-luc cells to that in HeLa or CHOKI1 cells that had
been transfected transiently with pHTLV-luc. As a preface to
these experiments, we first queried the amount of transfected
plasmid DNA that would achieve basal activities approximate
to that found for the stable cell pools. Figure 1B compares
luciferase expression from transiently transfected CHOKI/
HeLa cells to that of similar numbers of CHOKI-luc and
HeLa-luc cells. We found that CHOKI1 cells transiently trans-
fected with 1 ng of pHTLV-luc produced luciferase activity
roughly equivalent to that from CHOKI-luc cells, and HeLa
cells transiently transfected with 10 ng of pHTLV-luc yielded
luciferase activity comparable to that from HeLa-luc cells. For
subsequent experiments, unless otherwise indicated, when
comparing CHOK1-luc or HeLa-luc to transiently transfected
CHOKI1 or HeLa cells, we routinely transfected 1 or 10 ng of
pHTLV-luc, respectively.

Roles for CREB, p300, and P/CAF in the activation of inte-
grated HTLV-1 LTR. The HTLV-1 LTR contains three copies
of CRE (9, 25). Although much is known as to how transiently
transfected LTR plasmids respond to CREB, p300, and
P/CAF, a comparable characterization of such requirements
for stably integrated HTLV-1 LTR has not been done. To
examine this issue, we introduced CREB, p300, or P/CAF
expression vector into HeLa-luc or CHOK1-luc cells. We com-
pared these transfections to CHOK1 or HeLa cells transiently
cotransfected with pHTLV-luc plus CREB, p300, or P/CAF
vector. Responsiveness of either the stably integrated LTR
reporter or the transiently transfected LTR reporter to CREB,
p300, or P/CAF was quantitated by luciferase assays.

In the CHOKI1 background, transiently transfected LTR-luc
was activated by CREB (3ug) to approximately 7X over the
basal level (Fig. 2A, open bars). In contrast, neither p300 (3
ng) nor P/CAF (3 pg) activated the transiently transfected
LTR-luc by more than 0.5X above the value achieved with
pUCI19 (Fig. 2D and G, open bars). Interestingly, when stably
integrated LTR-luc was examined, CREB, p300, and P/CAF
activated luciferase expression by more than 6X, 8X, and 12X
over basal levels, respectively (Fig. 2A, D, and G, solid bars).
Thus, in CHOKI1 cells, p300 and P/CAF show different activa-
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FIG. 1. Southern blotting analyses of stably integrated HTLV-1 LTR-luc in CHOK1 and HeLa cells. (A) Three independently cloned CHOK1
and HeLa cells with a stably integrated HTLV-1 LTR-luc gene are shown. The autoradiographs compare luciferase-specific hybridzation signals
from parental cell DNAs (CHOKI, lane 4; HeLa, lane 8) and DNAs from three independently selected CHOKI (lanes 5 to 7) or HeLa (lanes 9
to 11) integrants. Lanes 1 to 3 show reconstruction controls in which 100, 10, or 1 copy of linearized pGL3-basic plasmid (4.8 kbp) was mixed with
EcoRI-digested CV-1 genomic DNA. (B) Comparisons of luciferase activities from transiently transfected pHTLV-luc plasmid and stably
integrated pHTLV-luc. One, 10, or 100 ng of pHTLV-luc was transiently transfected into CHOKI or HeLa cells. Transiently transfected cells were
compared to two pools of CHOKI and HeLa integrants for luciferase activity as described in Materials and Methods. Absolute luciferase values
were normalized to B-galactosidase activity from a cotransfected pCMV-BGAL plasmid.

tion capacities for stably integrated versus transiently trans-
fected LTR-luc.

We next examined CREB, p300, and P/CAF functions in
HeLa cells. Here, CREB, p300, and P/CAF augmented the
expression of stably integrated LTR-luc by approximately
5X,3X, and 4 X, respectively (Fig. 2B, E, and H, solid bars).
Neither p300 nor P/CAF showed any significant activity on
transiently transfected LTR-luc (Fig. 2E and H). These re-
sults are similar to the counterpart transfections in CHOK1
cells (Fig. 2D and G). On the other hand, whereas CREB
activated expression of transiently transfected LTR-luc in

CHOKI cells by 7X, in HeLa cells, CREB had a negligible
impact on transiently introduced LTR-luc plasmid (Fig.
2B).

To investigate why the HTLV-1 LTR appeared to be slightly
more responsive to exogenously-introduced CREB, p300, and
P/CAF in CHOKI than HeLa cells, we verified the endogenous
expression of CREB, p300, and P/CAF in both cells (Fig. 2C, F,
and I) by Western blotting. We observed that endogenous
amounts of CREB, p300, and P/CAF were relatively higher in
HelLa cells than in CHOKI cells (see pUC19 lanes in Fig. 2C, F,
and I). This suggests that the variation in cell-type responsiveness
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FIG. 2. Activation of transiently transfected and stably integrated HTLV-luc by CREB, p300, and P/CAF. Transfections were performed with
CHOKI (A, D, and G) and HeLa (B, E, and H) cells. To assess the expression of transiently transfected reporter plasmid (open bars), CHOK1
cells were transfected with 1 ng of pHTLV-luc, and HeLa cells were transfected with 10 ng of pHTLV-luc. Additionally, 0.1 pg of pPCMV-BGAL
(as a transfection control) and 0.2, 1, or 3 pg of CREB (A), or p300 (D), or P/CAF (G) were cotransfected as indicated. To assess the expression
of integrated HTLV-1 LTR-luc (filled bars), CHOKI1-luc or HeLa-luc cells were transfected with 3 wg of pHOOK plus 0.1 pg of pCMV-BGAL
and 0.2, 1, or 3 pg of CREB (B), p300 (E), or P/CAF (H). Forty-eight hours after transfection, luciferase activities were measured. Luciferase
values are averages * standard deviations from three or more independent transfections. Statistical significance at the indicated P values was
verified with the one-tailed ¢ test. Panels C, F, and I show Western blotting of endogenous (pUC19 lanes) CREB (C), p300 (F), and P/CAF (I) in
CHOKI and HelLa cells or the total amounts of CREB, p300, and P/CAF after transfection of 3 pg of the respective expression plasmid.

could be explained by differences in endogenous expression of
factors rather than by different factor requirements.

The HAT domain of p300, but not P/CAF, is required for
activation of integrated HTLV-1 LTR. In both CHOKI1 and
HeLa cells, p300 and P/CAF activated stably integrated
HTLV-1 LTR (Fig. 2). Because p300 and P/CAF are HATs,
and because HAT activity has been shown to be important for
the expression of nucleosomally organized genes, we wondered
whether activation of integrated LTR-luc by p300 and P/CAF
requires their histone-acetylating capacities. To address this
issue, we compared p300 and P/CAF to their loss-of-function
(histone acetylation) mutants, p300AHAT and P/CAFAHAT.
When mutant and wild-type proteins were compared side-by-
side in CHOKI cells on stably integrated LTR-luc, both p300
and P/CAF wild-type proteins behaved similarly, increasing

luciferase expression by 8 to 12X, respectively, over that seen
with pUC19 (Fig. 3A). In contrast, the AHAT mutants of p300
and P/CAF behaved differently. p300AHAT failed to activate
stably integrated LTR-luc, while P/CAFAHAT activated ex-
pression to a level comparable to that achieved with wild-type
P/CAF (Fig. 3A).

We next repeated the transfections in the presence of the
HTLV-1 Tax protein (Fig. 3B). In this setting, a difference
between p300AHAT and P/CAFAHAT was also observed.
Whereas P/CAFAHAT, like P/CAF, supported Tax activation
of stably integrated LTR-luc, p300AHAT, unlike p300, was
distinctly deficient in supporting Tax activation (Fig. 3B). In
fact, the level of luciferase expression seen with Tax plus
p300AHAT was lower than that observed with Tax alone (Fig.
3B), suggesting that the p300AHAT protein, more than a loss-
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FIG. 3. The HAT domain from P/CAF is dispensable for the acti-
vation of integrated HTLV-luc. (A) CHOKI-luc cells were transfected
with 3 pg of pUC19, p300, p300AHAT, P/CAF, or P/CAFAHAT, as
indicated. Luciferase activities were measured 48 h after transfection.
(B) Transfections were performed as described for panel A, except
that each transfection additionally included 10 ng of a Tax expression
plasmid. Values are averages = standard deviations from three inde-
pendent transfections.

of-function mutant, has a dominant-negative phenotype. This
observed dominant-negative effect of p300AHAT is specific,
since no reduction in expression of an internally cotransfected
pCMV-BGAL plasmid was seen (data not shown). Collec-
tively, the results indicate that the HAT domain of P/CAF, but
not p300, is not needed for the activation of integrated
HTLV-1 LTR.

Analyses with dominant-negative mutants of roles for
CREB, p300, and P/CAF in Tax activation of stably integrated
HTLV-1 LTR. As presented above, overexpression of exog-
enously transfected CREB, p300, or P/CAF modulated the
expression of stably integrated HTLV-1 LTR (Fig. 2 and 3).
These overexpression findings, however, do not conclusively
address how endogenous CREB, p300, and P/CAF might be
physiologically important for Tax activation of integrated
HTLV LTR. Experiments with dominant-negative mutants
could, however, provide an assessment of endogenous cell fac-
tor function. In this regard, the KCREB protein has been
previously characterized as a dominant-negative form of
CREB (56). In contrast, dominant-negative forms of p300 and
P/CAF have not been clearly described in the literature.

Our transfection results in Fig. 3B suggested that
p300AHAT might be a dominant-negative mutant of p300.
Indeed, this phenotype for p300AHAT was further confirmed
in additional assays (data not shown) (see Fig. 5). On the other
hand, the behavior of P/CAFAHAT was inconsistent with that
of a dominant-negative P/CAF (Fig. 3B). Hence, to identify a
dominant-negative form of P/CAF, we next constructed and
tested five additional deletion mutants: BA, NA, NB, NP, and
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NE (Fig. 4A). In CHOKI1 and HelLa cells, each of these mu-
tants was expressed to levels comparable to those of wild-type
P/CAF (Fig. 4B; data not shown for BA and NA). When the
mutants were tested for activation of luciferase in CHOKI1-luc
cells, four of the five (BA, NA, NB, and NP; Fig. 4C) exhibited
loss of function. These four were tested for dominant-negative
P/CAF activity against wild-type P/CAF. Among the mutants,
P/CAF NP showed a strong dominant-negative effect against
P/CAF in either the presence (Fig. 4D) or absence (Fig. 4E) of
Tax. To verify that P/CAF NP’s activity reflects dominant-
negative interference with P/CAF function and not a distur-
bance in P/CAF expression, we directly checked P/CAF pro-
tein levels by Western blotting. Indeed, overexpression of
P/CAF NP did not perturb intracellular levels of P/CAF pro-
tein (Fig. 4F). Similar behaviors of p300AHAT on p300 func-
tion and expression were also observed (data not shown).

Armed with dominant-negative proteins, KCREB,
p300AHAT, and P/CAF NP, we asked next how endogenous
CREB, p300, and P/CAF contributed to Tax activation of
integrated HTLV-1 LTR in CHOK1-luc and HeLa-luc cells. In
dose-titrated transfections in CHOKI1-luc and HeLa-luc cells,
KCREB, p300AHAT, and P/CAF NP each separately sup-
pressed (albeit to different extents) Tax activation of integrated
LTR (Fig. 5A and B). Slightly better suppression was achieved
by the dominant-negative mutants in CHOKI-luc cells than in
HeLa-luc cells. This is consistent with the smaller endogenous
amounts of CREB, p300, and P/CAF in CHOK1 compared to
HelLa cells (Fig. 2C, F, and I). Despite slightly lower magni-
tudes, suppression by dominant-negative proteins in HeLa-luc
cells was significant (P < 0.05 and P < 0.01), and both
p300AHAT and P/CAF NP behaved comparably to the better-
characterized KCREB dominant-negative protein (56). To
confirm that the effects of our dominant-negative p300AHAT
and P/CAF NP were not trivially due to suppressed expression
of transfected pTax, we checked Tax protein levels directly by
Western blotting. The finding of invariant Tax expression (Fig.
5G) supports the proposed dominant-negative effects of
p300AHAT and P/CAF NP (Fig. 5A to F).

The dominant-negative results (Fig. 5) suggest a complex
interplay between CREB, p300, P/CAF, and Tax. Two inter-
pretations emerge. First, because each dominant-negative pro-
tein effectively suppressed luciferase expression, it is unlikely
that CREB, p300, and P/CAF provide redundant functions for
each other in Tax-LTR activation. Second, although Tax inde-
pendently binds CREB, p300, or P/CAF in vitro, the dominant-
negative findings argue that the relevant intracellular interac-
tion is between Tax and a multiprotein complex of CREB plus
p300 plus P/CAF. Bilateral interactions of Tax plus CREB, Tax
plus p300, or Tax plus P/CAF in themselves would appear to be
insufficient for functional activation.

Distinct roles for CREB, p300, and P/CAF in UV-C activa-
tion of integrated HTLV-1 LTR. Tax expression is undetectable
in many in vivo ATL cells. Hence, it is important to understand
how integrated LTR might express via Tax-independent
routes. In this regard, the HTLV-1 LTR has been found to be
induced by a variety of environmental stresses (2, 3, 55). Since
UV-C is a prevalent ambient insult, we asked whether UV-C
would activate chromosomally integrated HTLV-1 LTR, and
whether such activation is mechanistically similar to or differ-
ent from Tax LTR induction.
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FIG. 4. Definition of regions within P/CAF that contribute to the activation of the HTLV-1 LTR. (A) Schematic depictions of six P/CAF deletion mutants: AHAT, BA, NA, NB, NP, and
NE. The full-length Flag-tagged P/CAF protein is shown at top with the HAT and BROMO domains indicated. (B) Efficient expression of transfected P/CAF and P/CAF mutants in CHOK1
and HeLa cells. Cells were transfected with 3 g of Flag-tagged pCI-P/CAF or the indicated deletion mutant followed by Western blotting with anti-Flag. The NA mutant, due to its small size,
could not be detected on this gel. The BA mutant was not assayed in this experiment. (C) Activation of integrated HTLV-luc by P/CAF and P/CAF mutants. Luciferase values are averages
+ standard deviations from three independent transfections of pooled CHOKI-luc cells with the indicated P/CAF plasmids. (D and E) Dominant-negative activity of P/CAF NP. Pooled
CHOKI-luc cells were transfected with pHOOK (3 pg) plus pPCMV-BGAL (0.1 pg) plus pCI-P/CAF (0.5 pg) with increasing amounts of P/CAF NP (0.5, 1, and 3 pg), either with (D) or without
(E) Tax. The total amounts of transfected plasmid were normalized with pUC19. Luciferase values are averages * standard deviations from three independent transfections. A significant
difference in luciferase activities for lanes 3 and 6 was seen (P < 0.01). (F) P/CAF NP does not perturb P/CAF expression. Pooled CHOK1 HTLV-luc cells were transfected as described for
panel E, followed by Western blotting with anti-P/CAF antibody. Antiactin antibody verified equivalent sample loadings.
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FIG. 5. Dominant-negative effects of CREB, p300, and P/CAF mutant on Tax activation of integrated HTLV-1 LTR-luc. CHOKI-luc (A, C,
and E) and HeLa-luc (B, D, and F) cells were transfected with pTax (10 ng) (48) plus pHOOK (3 pg) plus pPCMV-BGAL (0.1 pg) with increasing
amounts of KCREB (0.5, 1, 3, and 5 pg [A and B]), p300AHAT (0.5, 1, 3, and 5 pg [C and D]), or P/CAF NP (0.5, 1, 3, and 5 pg [E and F]). Total
amounts of transfected DNA were normalized with pUC19. Each series of transfections was repeated three or more times. Luciferase activities
were assayed 48 h after transfection. Luciferase activities in lanes 1 and 5 are significantly different at the indicated P values (P < 0.01 and P <
0.05). (G) Tax expression was not affected by p300AHAT or P/CAF NP. Pooled CHOKI1-luc cells were transfected with pTax (48) and p300AHAT
or P/CAF NP as in the previous panels, followed by Western blotting with rabbit polyclonal anti-Tax. Antiactin antibody was used to verify

equivalent sample loadings.

We treated transiently transfected HeLa/CHOKI and stably
integrated HeLa-luc/CHOKI1-luc cells with UV-C (254-nm
wavelength; Fig. 6A). Cells were assayed for luciferase activity
24 h later, and parallel activities were compared. Interestingly,
we found that transfected pHTLV-luc was not activated by
UV-C treatment. In contrast, in both HeLa-luc and CHOKI1-
luc cells, UV-C increased the luciferase expression from stably

integrated HTLV-1 LTR (Fig. 6A). These results provide an-
other illustration of differential regulation of transiently intro-
duced reporter plasmid versus stably integrated LTR-luc.

To understand better the factors that influence UV-C induc-
tion, we next asked whether UV-C utilizes CREB, p300, and
P/CAF, in the same manner as Tax in activating integrated
HTLV-1 LTR. In dominant-negative challenges, we reproduc-
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FIG. 6. Induction of HTLV-1 LTR expression by UV-C irradia-
tion. (A) Activation of HTLV-1 LTR by UV-C. CHOK1 and HeLa
cells transiently transfected with or stably integrated for pHTLV-luc
plasmid were irradiated or mock irradiated with 100 J of UV-C m?
(254-nm wavelength). After 24 h, cells were harvested and assayed for
luciferase. (B) Suppression of UV-C induced LTR expression by dom-
inant-negative mutants of CREB, p300, or P/CAF. Prior to UV-C
irradiation, CHOK1 HTLV-luc cells were transfected with KCREB,
p300AHAT, or P/CAF NP for 24 h. Irradiated cells were assayed for
luciferase activity 24 h later. All values are averages * standard devi-
ations from three independent transfections.

ibly observed that KCREB and p300AHAT, but not P/CAF
NP, suppressed LTR activation by UV-C (Fig. 6B). This lack of
requirement for P/CAF distinguishes UV-C activation of stably
integrated LTR-luc mechanistically from that of Tax (Fig. 5).

DISCUSSION

Expression from the HTLV-1 LTR has been studied exten-
sively in short-term transfection of plasmid reporters into cells
(6, 20, 27, 30). In these transient assays, regulatory roles for
Tax, CREB, p300, and P/CAF have been well described. How-
ever, because transiently transfected plasmids are not known
to achieve the same nucleosome structure as stably integrated
genes, current understandings based on transient findings may
not wholly or accurately reflect the regulation of stably inte-
grated HTLV-1 LTR. Indeed for HIV-1, it has been docu-
mented that transcription from integrated versus transiently
introduced retroviral LTRs does not proceed via identical
paths (35). HIV-1 and HTLV-1 LTRs have divergent se-
quences and are modulated differently (e.g., Tat binds directly
a TAR RNA target, while Tax functionally recognizes CRE-
DNA motifs). Because no extant study has systematically ad-
dressed how chromosomally integrated HTLV-1 LTR is regu-
lated, we sought to examine this issue. Here, with respect to
CREB, p300, and P/CAF, we show that the activation require-
ments for transiently transfected and stably integrated
HTLV-1 LTR are different (Fig. 2). As a further illustration of
differential regulation, we found that stably integrated LTR-
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luc, but not transiently transfected LTR-luc, responded to
UV-C induction (Fig. 6).

Our present work offers an initial step toward understanding
better the activation of integrated HTLV-1 provirus. For our
experiments, we have attempted to minimize potential cell type
and integration-specific biases. Our findings are based on two
separate pools of CHOKI1 and HeLa cells, which contain stably
integrated HTLV-1 LTR-luc. Each pool contained an equal
number of cells from three independently cloned cell lines
(Fig. 1). Additional findings from similarly integrated Rat1 and
CV1 cells (data not shown) are further consistent with the
HeLa-luc and CHOKI1-luc data. Hence, while we cannot ex-
clude that integration sites not present in our cell lines could
yield divergent results, our present findings are representative
of readouts averaged over seven to eight different HeLa and
CHOKI integration sites. A less extensive examination of
other pools of clones (data not shown) provides results fully
supportive of our current data.

Our CHOKI-luc and HeLa-luc findings confirm and extend
previous hypotheses on Tax, p300, and P/CAF interaction de-
rived from transiently transfected HTLV-1 LTR plasmids (20,
27). In agreement with Jiang et al.’s finding with transfected
LTR plasmid, we found that P/CAFAHAT has a HAT-inde-
pendent activity on stably integrated HTLV-1 LTR (Fig. 3).
However, whereas Jiang et al. (27) proposed that overex-
pressed P/CAF or p300 can each independently support Tax
activation of the LTR, our dominant-negative results (Fig. 5)
point to an alternative conclusion. With regard to endogenous
P/CAF and p300 expressed at physiological levels inside cells,
our findings suggest that a multiprotein complex that includes
CREB plus p300 plus P/CAF is required for Tax activation of
integrated LTR contains. Interestingly, this simultaneous re-
quirement for both P/CAF and p300 at the integrated LTR,
while not seen by Jiang et al. (27) in their transfection assay, is
partly reflected by results from by Harrod et al. in a separate
study of transiently transfected LTR-CAT plasmid (20).

In the course of our experiments, we unexpectedly observed
that UV-C activated stably integrated HTLV-1 LTR, but not
transiently transfected LTR plasmid. In analyzing this property
of UV-C more carefully, we found that this ambient stress
signal utilized CREB, p300, and P/CAF differently from Tax
(Fig. 6). In particular, Tax LTR activation was abrogated by
dominant-negative P/CAF NP mutant (Fig. 5), while UV-C
LTR activation was not affected by P/CAF NP (Fig. 6). Hence,
unlike Tax, the UV-C environmental stress stimulus does not
use P/CAF in its activation of integrated provirus. Further
work is needed to define whether this observation also applies
to other stress stimuli. It also remains to be determined
whether a not-yet-identified factor substitutes for P/CAF or
whether the CREB-p300 combination without P/CAF is wholly
sufficient for UV-C activity on the HTLV-1 LTR. Pending
further results, the current data support the idea that other,
not-yet-characterized, pathways that can activate expression of
integrated HTLV provirus likely exist.

It is curious why two HATs (i.e., p300 and P/CAF) are
frequently needed at many different promoters (11, 23, 38, 50,
51). One view is that the two activities provide redundancy.
Another view is that the two HATs when combined in multiple
arrangements produce a combinatorial array of activation
specificities. Regarding this viewpoint, we previously found
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that the HIV-1 Tat protein needed both p300 and P/CAF to
activate integrated HIV-1 LTR, but the HAT domain of p300
was dispensable (7). Here, Tax also required both p300 and
P/CAF for activation of stably integrated HTLV-1 LTR, but it
is the HAT domain of P/CAF that was not needed. This jux-
taposition of generally similar but yet distinctly different reg-
ulatory requirements between HIV-1 and HTLV-1 provides
another example of the evolutionary similarities or divergences
in mechanisms used by the two human retroviruses.
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